Neurodegenerative dementias collectively known as Tauopathies involve aberrant phosphorylation and aggregation of the neuronal protein Tau. The largely neuronal 14-3-3 proteins are also elevated in the central nervous system (CNS) and cerebrospinal fluid of Tauopathy patients, suggesting functional linkage. We use the simplicity and genetic facility of the Drosophila system to investigate in vivo whether 14-3-3s are causal or synergistic with Tau accumulation in precipitating pathogenesis. Proteomic, biochemical and genetic evidence demonstrate that both Drosophila 14-3-3 proteins interact with human wild-type and mutant Tau on multiple sites irrespective of their phosphorylation state. 14-3-3 dimers regulate steadystate phosphorylation of both wild-type and the R406W mutant Tau, but they are not essential for toxicity of either variant. Moreover, 14-3-3 elevation itself is not pathogenic, but recruitment of dimers on accumulating wild-type Tau increases its steadystate levels ostensibly by occluding access to proteases in a phosphorylation-dependent manner. In contrast, the R406W mutant, which lacks a putative 14-3-3 binding site, responds differentially to elevation of each 14-3-3 isoform. Although excess 14-3-3f stabilizes the mutant protein, elevated D14-3-3e has a destabilizing effect probably because of altered 14-3-3 dimer composition. Our collective data demonstrate the complexity of 14-3-3/Tau interactions in vivo and suggest that 14-3-3 attenuation is not appropriate ameliorative treatment of Tauopathies. Finally, we suggest that 'bystander' 14-3-3s are recruited by accumulating Tau with the consequences depending on the composition of available dimers within particular neurons and the Tau variant.
Introduction
Tau is distributed primarily in central nervous system (CNS) axons (1, 2) , where among other functions mediates microtubule dynamics, axonal transport and neuronal morphology (3) (4) (5) . In vertebrates including humans, alternative splicing of a single transcript yields multiple protein isoforms. They differ in their amino-termini by exclusion (0N), or inclusion of 1 (1N) or 2 (2N) sequences and inclusion of 3 (3R) or 4 (4R), of the evolutionarily conserved repeats (R) near the carboxy-terminus which are typically involved in microtubule binding (6, 7) .
Tau is implicated in several degenerative dementias collectively termed Tauopathies and other neuropathologies (7) (8) (9) (10) (11) (12) (13) (14) .
Alzheimer's disease (AD) is the most widespread sporadic aging-related neurodegenerative Tauopathy globally (15) . Frontotemporal dementia with Parkinsonism on chromosome 17 (FTDP-17) is a distinct dementia, typically affecting younger individuals and involves mutations in the tau gene (16, 17) . Significantly, both Tauopathies present distinct clinical profiles and different, but overlapping histopathology (10, 13, 18) . Although, non-pathogenic Tau is phosphorylated on multiple sites, (19, 20) , it becomes further phosphorylated especially onto characteristic 'pathology-associated sites' to a state of 'hyperphosphorylation', which has been associated with AD and other Tauopathies (13, 21, 22) .
The different pathophysiological and clinical profiles of the various Tauopathies suggest that in addition to common interactors such as microtubules, normal and mutant Tau isoforms may also interact differentially with distinct proteins within affected neurons. To address this hypothesis, we performed systematic proteomic screens in Drosophila expressing Tau variants (Papanikolopoulou, K., Samiotaki, M., Panayotou, G. and Skoulakis, E.M.C. manuscript in preparation). Herein we report on two proteins from that screen, Leonardo (Leo), and D14-3-3e (Eps), which appeared to interact with human wild-type (WT) and the FTDP-17-linked R406W Tau mutant (RW) in Drosophila brains. Our results confirm and expand previous reports on genes upregulated in human AD brains, one of which was 14-3-3f (23) .
The 14-3-3s are a family of small acidic proteins present in all eukaryotes with roles in essential biological processes such as cell proliferation and differentiation, migration and survival, intracellular transport, neurite outgrowth and ion channel regulation (24) (25) (26) (27) . Multiple 14-3-3s exist in metazoans, with seven distinct isoforms (b/a, e, f, c, g, h and r) in vertebrates, which except for r, are primarily expressed in the brain, but also present in most other tissues (24, 27, 28) . In contrast, Drosophila contain only two 14-3-3 genes, leonardo (leo), encoding three closely related orthologs of the vertebrate 14-3-3f and an ortholog of the e isoform, D14-3-3e (29-31). 14-3-3s homo and heterodimerize, forming a cup-shaped negatively charged groove, which interacts with client proteins containing RS/xxpS/TxP, or RxY/FxpS/ TxP (pS/T phosphoserine/threonine) motifs (25, (32) (33) (34) (35) . Leo homo and heterodimers with D14-3-3e have been reported in Drosophila (30) .
14-3-3 binding has been reported to modulate the structure of client proteins, to mask or reveal functional motifs that regulate its localization, phosphorylation state and stability (28, (36) (37) (38) (39) . Given that Tau contains multiple phosphorylated Serines and Threonines, 14-3-3 binding may serve to modulate its steady-state phosphorylation by protecting from phosphatases and bridging interactions with kinases (40) (41) (42) . Tau and 14-3-3s have been reported as macromolecular complexes (43) (44) (45) , with at least one ubiquitous kinase, GSK-3b (46) in bovine brains or culture cell systems. Moreover, 14-3-3s may modulate the local conformation of Tau domains (47) and/or its subcellular localization.
Accumulating evidence links 14-3-3s and Tauopathies. 14-3-3s have been associated with hyper-phosphorylated Tau aggregates from AD brains (41, 48 ) and Pick's disease patients are reported immunoreactive for 14-3-3s (49) . Consistent with these observations, 14-3-3s have been reported to promote Tau aggregation (50, 51) . Furthermore, independent studies suggest increased expression of 14-3-3s in AD patients (52) and elevation in their cerebrospinal fluid (CSF) (53, 54) . However, whether 14-3-3 elevation in AD neurons and CSF is a collateral consequence of the disease, or important for its pathogenesis is unclear. Since all 14-3-3s other than r are expressed in the brain, it is essential to determine whether there are isoformspecific effects on Tau levels, its hyper-phosphorylation and toxicity.
Based on the identification of 14-3-3s as Tau interactors on our proteomic screen, we use the advantages of Drosophila to ask whether 14-3-3s affect toxicity of WT and mutant Tau in the nervous system and whether any such effects are 14-3-3 isoform-specific in vivo. Such potential differential interactions may underlie the heterogeneous, but often overlapping clinical profiles of Tauopathies.
Results

14-3-3s associate with Tau in vivo
To verify and validate the proteomic results, we aimed to determine independently whether endogenous 14-3-3s interact with human Tau proteins in the fly CNS. To limit such potential interactions to the adult CNS, we used the TARGET system (55) . Flies carrying the wild-type 0N4R-Tau (henceforth WT) and the FTDP-17-linked mutant 0N4R-R406W (henceforth RW) were raised at 18 C, the temperature non-permissive for Tau expression. Upon emergence, they were induced to express the human Tau proteins paneuronally for 10 days, while age-matched flies that remained at 18 C throughout the experiment were used as controls (Fig. 1A , upper panels). WT and RW Tau immunoprecipitated from fly head extracts with the biotinylated antibody HT7, co-precipitated both Leo and D14-3-3e (EPS) (Fig. 1A) .
To perform the complementary experiment requiring purification of endogenous 14-3-3s, we used GST-difopeinconjugated beads because this synthetic peptide binds 14-3-3s with high affinity (26, 56) . As shown in Figure 1B , endogenous Leo and D14-3-3e from fly head lysates were indeed bound on GST-difopein, but not on plain GST beads. Significantly, difopein-bound 14-3-3s from these lysates co-purified with either WT or RW (Fig. 1C) . Collectively, these results validate the proteomic data and indicate that endogenous 14-3-3s directly or indirectly interact with Tau and are consistent with reports suggesting their co-localization in aggregates from Tauopathy patient brains (53,57).
14-3-3s bind phosphorylated Serines or Threonines (pSer/ pThr) and are reported to modulate the phosphorylation state of their clients by occluding or facilitating access to kinases and phosphatases (38, 39, 58) . Given the multiple pSer/pThr on Tau (59), we wondered whether its phosphorylation is required for the interaction with Leo and D14-3-3e. Because the 0N4R isoforms were not available as Flag-Tagged constructs to allow the experiment we used the Flag-Tagged 2N4R and Flag-Tagged RW mutation in the 2N4R isoform. We reasoned that the aminoterminnal extension will not affect access of the phosphatase and in general the 0N4R and 2N4R isoforms behave very similarly in our assays (60, 61) . We treated head lysates from animals expressing the Flag-tagged 2N4R or Flag-tagged RW mutant in the 2N4R genetic background with k-phosphatase. Although we cannot be certain that all phosphates were abolished, the majority of phosphates were removed as indicated by the shift in electrophoretic mobility (Fig. 1D) , or with specific antibodies (Supplementary Material, Fig. S1 ). Treated and untreated lysates were mixed with GST-difopein-conjugated beads to collect 14-3-3s, the complexes resolved in acrylamide gels and probed for the presence of Tau in the pulled-down material. The results clearly demonstrate that difopein-bound 14-3-3s coprecipitated both phosphorylated and dephosphorylated Tau (Fig. 1D) . Conversely, immunoprecipitation of transgenic Tau proteins via their Flag tag, confirmed co-precipitation of Leo and D14-3-3e from treated and untreated lysates (Fig. 1E) . Therefore, 14-3-3s bind dephosphorylated Tau indicating that they do not dock only on its phosphor-Serines and phosphor-Threonines.
As predicted by these results, full-length Tau contains five putative 14-3-3 consensus binding sites involving potentially phosphorylated Ser and Thr (Fig. 2) . However, as indicated by the results in Figure 1E , additional binding sites not involving phosphorylatable residues must exist and these were not apparent in our in silico search. is the mandatory consensus-anchoring amino-acid for 14-3-3 binding to pSer 413 and is mutated to Trp in R406W suggesting that this site is eliminated in the R406W mutant Tau.
14-3-3 dimers modulate Tau phosphorylation
To determine whether 14-3-3s interactions may contribute to Tau phosphorylation, aggregation and toxicity, we attenuated by RNA-mediated interference (RNAi), each isoform in the CNS of flies also expressing WT. The available RNAi-mediating transgenes completely abrogated Leo levels (Fig. 3A) , whereas D14-3-3e was reduced by about 50% (Fig. 3B) . Significantly, D14-3-3e reduction was accompanied by a 50% Leo elevation (Fig. 3A) and a similar elevation of D14-3-3e was observed in animals lacking Leo (Fig. 3B) . This is congruent with prior reports of 14-3-3 homeostasis in D14-3-3e mutant embryos (29) , leo mutants and transgenic adults (30) . Therefore, these genetic manipulations generate animals that lack Leo but harbor excess D14-3-3e (Leo -), animals with nearly half of D14-3-3e, but excess Leo (Eps  -) and flies lacking Leo and half of D14-3-3e (Leo -, Eps -). Because 14-3-3s are dimeric (25), we determined the effect of Leo and D14-3-3e abrogation on dimer levels. Leo and D14-3-3e dimers were apparent in control animals as expected (Fig. 3G) . Leo-containing dimers were not apparent in Leo -animals despite the traces of monomer due to the large amounts of extract needed in cross-linking experiments. Surprisingly, abundant dimers were revealed with the D14-3-3e antibody in these Leo -animals ( Fig. 3G ). This indicates that upon Leo loss D14-3-3e homodimers form efficiently judging by their abundance. In confirmation, these dimers are also present in Leo -Eps -animals, albeit apparently reduced. In contrast, in flies with a 50% attenuation of D14-3-3e (Eps -), we assume that the dimers are largely heterodimers with Leo or Leo homodimers (Fig. 3G) . Interestingly, attenuation of either 14-3-3 alone or simultaneously, did not appear to affect WT levels (Fig. 3C ). This indicates that either Leo nor D14-3-3e are essential for steady-state WT levels in the fly CNS, or that the residual dimers in Leo -Eps -animals suffice to maintain Tau levels elevated. To determine whether 14-3-3 attenuation affects Tau phosphorylation, we bold residues as reported previously [20] . or phosphorylation site occupation indicated were normalized using the Syntaxin (Syx) loading control and shown as a ratio of their means 6 S.E.M. relative to their respective levels in fly heads expressing WT alone, which is set to 1. All quantification were analyzed by initial ANOVA, and if positive Dunnett's or least square means (LSM) contrast analysis were applied to reveal significant differences from the controls (open bars) indicated by stars. (A) Leo, D14-3-3e and both isoform attenuation in animals expressing WT Tau probed for Leo. Compared to its levels in control animals Leo was significantly (Dunnett's, P < 0.0001, n ¼ 6) abrogated (WTLEO-), significantly (Dunnett's, P < 0.0001, n ¼ 6) elevated upon D14-3-3e attenuation (WTEPS-) and also nearly eliminated (Dunnett's, P < 0.0001, n ¼ 3), when both isoforms were reduced concurrently (WTLEO-EPS-). (B) D14-3-3e, Leo and both isoform attenuation in animals expressing WT Tau probed for D14-3-3e. Compared to its levels in control animals D14-3-3e was significantly (Dunnett's, P < 0.0001, n ¼ 7) elevated (WTLEO-), significantly reduced (Dunnett's, P < 0.0001, n ¼ 10) upon D14-3-3e attenuation and was also reduced (Dunnett's, p ¼ 0.0008, n ¼ 5) when both isoforms were attenuated concurrently. (C) Total levels of WT in the indicated genotypes revealed with the T46 antibody. Quantification did not reveal significant differences (ANOVA F (3, 27) ¼ 0.2711, P ¼ 0.8457) in WT levels (n > 6). (D) AT8 occupation levels in animals with attenuated Leo, D14-3-3e and both isoforms. A reduction (Dunnett's, P ¼ 0.031, n ¼ 10) in AT8 occupation was revealed only in animals with both isoforms reduced. by the AT8 antibody appeared unchanged upon attenuation of either 14-3-3 protein alone, but was reduced upon concurrent attenuation of both Leo and D14-3-3e (Fig. 3D ). Because Leo reduction is accompanied by D14-3-3e upregulation and vice versa ( Fig. 3A and B) and in the doubly attenuated animals dimers levels are reduced, the results suggest that both isoforms contribute positively to AT8 occupation. In contrast, phosphorylation at the AT100 site, which includes the 14-3-3 binding pSer 214 (Fig. 2) , was elevated upon
Leo abrogation (Fig. 3E ). This suggests either that Leo homodimers or heterodimers occlude access to that site, or they promote its de-phosphorylation. Alternatively, D14-3-3e excess or homodimers upon Leo loss may promote phosphorylation at AT100, or protect it from de-phosphorylation. Interestingly, AT100 occupation was not significantly altered upon D14-3-3e attenuation and the concomitant Leo elevation, a situation that most likely enhances Leo heterodimer and homodimer levels. This indicates that Leo homodimer excess in Eps-flies does not occlude or inhibit AT100 occupation and therefore, increased AT100 phosphorylation in Leo-flies is likely the effect of excess D14-3-3e. Accordingly, AT100 phosphorylation was significantly reduced (Fig. 3E ) in Leo-, Eps-flies, ostensibly because the remaining D14-3-3e is not sufficient to support AT100 occupation.
Results were similar for pSer 262 (Fig. 3F) , which is not a 14-3-3 consensus site, but its occupation is regulated by the phosphorylation status of Ser 238 and Thr 245 (66) , the latter of which appears to be (Fig. 2) . Phosphorylation of Ser 262 was also highly enhanced upon Leo abrogation, albeit even more than at AT100 and eliminated upon attenuation of both 14-3-3s (Fig. 3F) . These results also indicate that Leo/D14-3-3e heterodimers are essential for the steady-state phosphorylation of Ser 262 and excess D14-3-3e prevents dephosphorylation of the site. A parsimonious explanation of these results is a highly dynamic interaction of 14-3-3 homo and heterodimers modulating the balance between kinase and phosphatase access to the phosphosites. Leo homodimers appear to facilitate phosphatase access, which is likely suppressed by D14-3-3e dimers in Leoflies. In contrast, heterodimer binding in Eps-flies does not promote phosphatase access evidenced by the normal occupation levels. In Leo -Eps -flies where the stabilizing excess of D14-3-3e
is absent AT100 and pSer 262 occupation is highly reduced.
Do the effects of 14-3-3 attenuation on WT phosphorylation affect its toxicity? To address this, we quantified the preeclosion lethality associated with pan-neuronal WT expression alone or upon 14-3-3 attenuation. Indeed, as illustrated in Figure 3H , WT expression reduced the number of animals reaching adulthood relative to controls. Neither loss of Leo, nor D14-3-3e attenuation alone affected viability (Fig. 3H , open bars) and they did not affect WT-dependent lethality (Fig. 3H , filled bars). However, reduction of both 14-3-3s (Leo -Eps -), decreased viability nearly 50% on its own, in accordance with prior reports (29) and this was further reduced upon WT expression (Fig. 3H , last two bars). Note that the difference in viability between animals with attenuated 14-3-3s alone and those also co-expressing WT remained relatively constant (the difference between open and filled bars in Fig. 3H ). This indicates that attenuation of either 14-3-3 does not potentiate WT toxicity significantly. Rather the most significant effect on lethality was precipitated by the concomitant attenuation of both 14-3-3s, which decrease the total levels of 14-3-3 dimers.
Interestingly the effects of 14-3-3 reduction ( Fig. 4A and B) on the steady-state levels of RW and its phosphorylation at AT8, AT100 and pSer 262 were similar with those for WT Tau ( Fig. 4C-F ). Lethality associated with RW expression was more pronounced than that of WT and reached nearly 50% of expected progeny (Fig. 4G) . Again, attenuation of either 14-3-3 alone did not alter RW toxicity significantly, but concurrent reduction of both 14-3-3s resulted in 50% lethality on its own and this was mildly augmented by RW expression. Collectively, these results indicate dynamic interactions of 14-3-3 homo and heterodimers in the regulation of steady-state phosphorylation of both WT and RW and appear to have a minor effect on the toxicity of either Tau variant. Therefore, 14-3-3 attenuation does not synergize with Tau variants to augment their toxicity.
Pharmacological inhibition of Tau/14-3-3 interactions
14-3-3 interactions with WT and RW could have been obscured because the genetic manipulations did not result in adult animals completely devoid of both 14-3-3s due to incomplete attenuation or homeostatic compensation (Figs 3A, B and 4A, B). This is further complicated by the partial functional overlap of 14-3-3s in vivo (29) . To address and potentially augment this issue, we used BV02, a 14-3-3 antagonist reported to disrupt their biological activity in cultured cell systems (67) . BV02 is a cell permeable non-peptide 14-3-3 antagonist which targets their amphipathic binding groove and disrupts interactions with client proteins (68) .
Because concurrent attenuation of both 14-3-3s resulted in elevated lethality, we titrated the concentration of the inhibitor such as to afford experimental resolution in combination with Tau expression. Control experiments indicated that this requirement is fulfilled at 0.15 nM throughout development, whereas at higher concentrations lethality was extensive. As suggested (67), at 0.15 nM and even at the lethal 0.30 nM concentration, the inhibitor did not affect the steady-state levels of 14-3-3 isoforms or Tau variants ( Fig. 5A-D) .
We expected that the inhibitor may decrease phosphorylation of WT and RW at the sites assayed, essentially mimicking the observation in Leo-, Eps-animals (Figs 3D-F and 4D-F). However, BV02-mediated inhibition of 14-3-3s resulted in elevated AT100 and Ser 262 phosphorylation on WT ( Fig. 5E and F) and RW ( Fig. 5G and H). These results confirm independently that Leo homodimers and heterodimers suppress occupation of (E) AT100 occupation levels in animals with attenuated Leo, D14-3-3e and both isoforms. An increase (Dunnett's, P ¼ 0.029, n ¼ 5) was observed in WTLEO-animals and a significant decrease in (Dunnett's, P ¼ 0.0017, n ¼ 5) in animals with both isoforms reduced. (F) pSer 262 occupation levels in animals with attenuated Leo, D14-3-3e
and both isoforms. A significant elevation (Dunnett's, P < 0.0001, n ¼ 6) was revealed in WTLEO-animals and a significant decrease in (Dunnett's, P ¼ 0.0005, n ¼ 6) in animals with both isoforms reduced. . Representative blots of head lysates are shown probed with the indicated antibodies. For the quantifications below, levels of the protein or phosphorylation site occupation indicated were normalized using the Syntaxin (Syx) loading control and shown as a ratio of their means 6 S.E.M. relative to their respective levels in fly heads expressing WT alone, which is set to 1. All quantifications were analyzed by initial ANOVA, and if positive Dunnett's or LSM contrast analysis were applied to reveal significant differences from the controls (open bars) indicated by stars. (A) Leo, D14-3-3e and both isoform attenuation in animals expressing RW probed for Leo. Compared to its levels in control animals Leo was significantly (Dunnett's, P < 0.0001, n ¼ 6) abrogated (RWLEO-), significantly (Dunnett's, P < 0.0001, n ¼ 6) elevated upon D14-3-3e attenuation (RWEPS-) and also eliminated (Dunnett's, P < 0.0001, n ¼ 6) when both isoforms were reduced concurrently (RWLEO-EPS-). (B) D14-3-3e, Leo and both isoform attenuation in animals expressing RW probed for D14-3-3e. Compared to its levels in control animals D14-3-3e was elevated (Dunnett's, P < 0.001, n ¼ 6) elevated (RWLEO-), significantly reduced (Dunnett's, P < 0.0001, n ¼ 6) upon D14-3-3e attenuation and also reduced (Dunnett's, P ¼ 0.0022, n ¼ 6) when both isoforms were reduced concurrently. (C) Total levels of RW in the indicated genotypes revealed with the T46 antibody. Quantification did not reveal significant differences in Tau levels (n > 4). (D) AT8 occupation levels in animals with attenuated Leo, D14-3-3e and both isoforms. AT8 occupation was significantly reduced (Dunnett's, P < 0.001, n ¼ 9) only in animals with both isoforms attenuated. (E) AT100 occupation levels in animals with attenuated Leo, D14-3-3e and both isoforms. An increase (Dunnett's, P ¼ 0.009, n ¼ 4) was observed in RWLEO-animals and a significant decrease in (Dunnett's, P ¼ 0.0006, n ¼ 4) in animals with both isoforms reduced. (F) pSer 262 occupation levels in animals with attenuated Leo, D14-3-3e and both isoforms. A significant elevation (Dunnett's, P < 0.0001, n ¼ 6) was revealed in RWLEO-animals and a decrease in (Dunnett's, P ¼ 0.0012, n ¼ 6) in animals with both isoforms reduced. (G) The mean number of progeny per female 6 S.E.M. from crossing ElavGal4 to w 1118 males (CNT) or RW Tau (RW) and flies bearing Leo (LEO-) or D14-3-3e (EPS-) or both (LEO-, EPS-) abrogating trans-
genes alone (open bars) or co-expressing RW (solid bars) is shown. ANOVA indicated significant differences (F(6, 90) ¼ 33.8151, P < 0.0001), which were resolved by LSM contrast analysis as follows: CN versus RW P < 0.0001; LEO-versus RW LEO-P < P < 0.0001; EPS-versus RW EPS-P < P < 0.0001; LEO-EPS-versus RW LEO-EPS-P < 0.0001. the sites possibly by promoting phosphatase activity. This appears counteracted by 14-3-3e dimers, which promote phosphorylation at these sites, evident in Leo -animals and upon inhibitor application. Furthermore, the results suggest that in Leo -Eps -animals, loss of phosphorylation at these sites may be a consequence of the large reduction in dimers (Fig. 3G) , in addition to the large attenuation in D14-3-3 levels. Therefore, these data in agreement with those of genetic abrogation of 14-3-3s (Figs 3 and 4) strongly suggest complex regulation of Tau phosphorylation by 14-3-3 dimers.
To determine the effects of pharmacological inhibition of 14-3-3 on WT and RW toxicity, we used 0.15 nM BV02 to avoid the lethality associated with higher concentrations. At 0.15 nM, the inhibitor did not significantly enhance the lethality of controls, WT-expressing (Fig. 5I) (Fig. 5L) . Broadly, similar effects of the inhibitor were observed in flies expressing RW, except that as described earlier (Fig. 4G) , the mutant protein was significantly more toxic on its own compared with WT ( Fig. 5I versus Fig. 5M ). Significantly however, in contrast to WT-expressing animals, BV02 treatment of RWexpressing Leo -flies precipitated nearly complete lethality (Fig. 5N ). Since the inhibitor has no effect on Leo -animals, this is an effect precipitated specifically by the presence of RW. This suggests that D14-3-3e dimers, abundant in Leo -animals, suppress RW toxicity and upon their inhibition with BV02 result in nearly complete lethality. It appears that Leo homodimers or heterodimers can compensate in part for this because although lethality of RW, Eps -was enhanced by the inhibitor (Fig. 5O) , it was not as complete as in RW, Leo - (Fig. 5N) . In agreement, strongly enhanced toxicity was apparent if both 14-3-3s were attenuated in RW-expressing animals and treated with BV02 (Fig. 5P) . Therefore, D14-3-3e differentially suppresses the toxicity of RW, an effect not apparent with WT. This differential interaction with the normal and mutant Tau may be mediated by the R406W mutation itself, possibly because it effects an apparent 14-3-3 binding site.
14-3-3 dosage affects WT-Tau levels
Because 14-3-3s have been reported elevated in the brain of Tauopathy patients (53), we investigated whether increased Leo and D14-3-3e levels affect phosphorylation, steady-state levels and the toxicity of WT (Fig. 6A ). Of the three Leo isoforms, we used a transgene for the paneuronally expressed LeoII (31) throughout this work. Surprisingly, paneuronal overexpression of LeoII precipitated 30% lethality (Fig. 6B ), but significantly, its co-expression with WT Tau increased lethality to nearly 80% (Fig. 6B) . Hence excess Leo appears toxic on its own and this may contribute to pathology independently of that caused by Tau. Nevertheless, Leo elevation potentiates Tau toxicity and pathology. Interestingly, overexpression of a D14-3-3e transgene did not precipitate significant lethality on its own and did not alter WT lethality as significantly as upon Leo elevation (Fig. 6B) . Hence, 14-3-3 excess is not generally toxic, but rather it characterizes the Leo isoform. Interestingly, overexpression of either Leo or D14-3-3e, did not result in significant compensatory elevation or decrease of the complementary isoform (Supplementary Material, Fig. S2A and B) . Significantly, WT levels were nearly doubled upon coexpression with either Leo or D14-3-3e (Fig. 6C ). This was also apparent when the AT8, AT100 and pSer 262 sites were surveyed ( Fig. 6D-F) . Because qualitatively and quantitatively similar results were obtained for all phosphorylation sites tested, elevated 14-3-3s do not appear to affect their occupation, but rather increase the steady-state levels of WT itself. However, although WT levels increased equivalently by over-expression of either Leo or D14-3-3e (Fig. 6C) , WT lethality was highly potentiated by Leo and much less by D14-3-3e (Fig. 6B) , indicating 14-3-3 isoform-specific effects on WT toxicity, but not on its levels.
Differential effects of 14-3-3 excess on the R406W mutant Tau
Do the effects of 14-3-3 elevation on WT generalize to the RW mutant? The nearly 50% lethality upon paneuronal expression of RW alone (Fig. 7A) , was potentiated to over 95% upon coexpression with Leo (Fig. 7B) . In contrast, D14-3-3e elevation did The mean number of observed/expected progeny 6 S.E.M. for non-WT expressing Leo (LEO), or D14-3-3e (EPS) overexpressing animals is compared to the mean ratio of flies expressing both WT and either of the 14-3-3 transgenes (WTLEO, WTEPS). Note that the means are not normalized to 100% to accommodate the lethality associated with overexpression of the 14-3-3 transgenes alone. There is a significant enhancement of Leo-overexpression associated lethality by WT co-expression (ANOVA F(1, 20) ¼ 69.12; P < 0.0001, n ! 10). Similarly, WT co-expression yielded significant lethality over that of animals expressing D14-3-3e alone (ANOVA F(1, 18) ¼ 16.59; P < 0.0007, n > 9). (C-F) Lysates from the heads of flies expressing pan-neuronally WT alone, or also co-expressing the indicated Drosophila 14-3-3s were subjected to western blotting with the anti-total Tau (T14), or the indicated anti-phospho-Tau antibodies. The blots represent one of 3-4 independent experiments. For the quantification shown below each representative blot, Tau levels were normalized using the Syntaxin (Syx) loading control and shown as a ratio of their means 6 S.E.M. relative to their respective levels in fly heads expressing Tau alone, which was set to 1. The significance of potential differences was determined with Dunnett's tests following ANOVA. The levels of WT Tau were significantly different (P < 0.01) than those in lysates also over-expressing Leo or D14-3-3e (G) and remained significantly different (P < 0.05) when probed with the indicated phosphoantibodies (H-J). The mean number of observed/expected progeny 6 S.E.M. for non-RW expressing Leo (LEO), or D14-3-3e (EPS) overexpressing animals is compared with the mean ratio of flies expressing both RW and either of the 14-3-3 transgenes (RWLEO, RWEPS). Note that the means are not normalized to 100% to accommodate the lethality associated with overexpression of the 14-3-3 transgenes alone. There is a highly significant enhancement of Leo-overexpression associated lethality by RW co-expression (ANOVA F (1, 19) ¼ 128.66, P < 0.0001, n ! 9). However, RW co-expression yielded marginal lethality over that of animals expressing D14-3-3e alone (ANOVA F (1, 16) ¼ 4.87,
Representative blot of lysates from the heads of pooled escaper flies expressing pan-neuronally under ElavGal4, RW alone or also co-expressing the indicated Drosophila 14-3-3s probed with anti-total Tau (T14). For the quantification shown below, Tau levels were normalized using the Syntaxin (Syx) loading control and shown as a ratio of their means 6 S.E.M. relative to their respective levels in fly heads expressing Tau alone, which is set to 1. RW levels in animals also coexpressing D14-3-3e were significantly different than those expressing RW alone (Dunnett's, P < 0.01, n ¼ 4), but not those co-expressing Leo. (D-F) Representative blots and their respective quantifications from single flies expressing R406W alone, or co-overexpressing 14-3-3s. RW levels were quantified after normalization to Syntaxin (Syx) and significant differences (Dunnett's, P < 0.01, n ¼ 4 for all) in mean levels of RW alone which was set as 1, from its levels in the presence of excess Leo and D14-
3-3e. (G-I)
Representative western blots and their respective quantifications from flies expressing RW alone, or also co-overexpressing 14-3-3s in adults only under Elav; Gal80 ts at 25 C. RW levels were quantified after normalization to Syntaxin (Syx) and set to 1. Significant differences (Dunnett's, P < 0.01, n ¼ 3) in mean levels of RW alone versus its levels in the presence of excess Leo and D14-3-3e.
not affect lethality on its own and its effects combined with R406W were marginal (Fig. 7B) . Therefore, the effects of 14-3-3 excess on WT and RW toxicity are broadly similar, with Leo elevation enhancing it for both, but much more severely for the mutant Tau. Is the potentiation of RW toxicity reflected in the levels of the protein in the CNS? Because most animals with elevated Leo died as late pupae/pharate adults we pooled lysates from the few escapers, but surprisingly RW levels appeared unchanged upon Leo co-expression and equally surprisingly, significantly reduced upon elevation of D14-3-3e (Fig. 7C) . We noticed, however, that when using lysates from individual flies, in approximately 20% of Leo over-expressing animals, RW levels were nearly doubled (Fig. 7D ), which agrees with the viability data. In contrast, RW levels were suppressed upon D14-3-3e over-expression, whether pooled (Fig. 7C) , or in single flies (Fig. 7D) . Phosphorylation at AT8, AT100 were also correspondingly elevated or reduced (Fig. 7E and F) in these escapers. Brain lysates from dissected pharate adults that failed to eclose, indicated similarly elevated and reduced RW upon Leo and D14-3-3e co-expression respectively (Supplementary Material, Fig. S3A ). Therefore, RW levels in most animals failing to eclose are represented by those in 20% of the escapers (Fig. 7D ). Collectively then, high levels of RW correlate well with the robust lethality of Leo co-expressing animals. In contrast, the drastically reduced RW levels upon D14-3-3e elevation correlate well with the lack of significant lethality in these animals.
To verify these results independently, increase experimental resolution and avoid the high mortality upon Leo/R406W co-expression, we used the TARGET system (55) , to express the transgenes only in the adult CNS. Although RW under ElavGal4; Gal80 ts at 25 C is expressed throughout development, its level is nearly 50% reduced relative to driving the same transgenes with ElavGal4 (Supplementary Material, Fig. S3B ). Multiple independent experiments revealed that when restricted to the adult CNS, RW was significantly elevated upon Leo co-expression in all flies examined, but reduced by co-expression with D14-3-3e (Fig. 7G) . These results were corroborated with the phosphorylation-dependent antibodies AT8 and AT100 ( Fig. 7H and I ). R406W levels in D14-3-3e-over-expressing animals ( Fig. 7G-I ) evaded detection with the AT100 antibody (Fig. 7I) , unless large excess of lysate was loaded and exposure prolonged (not shown). Collectively, elevation of Leo results in increased steadystate levels of WT and RW Tau and potentiates their toxicity. In contrast, increased D14-3-3e elevates WT, drastically decreases RWand has minor effects on their toxicity. These observations are in accordance with the abrogation results and support the notion that 14-3-3s have distinct functions in the regulation of Tau levels and its toxicity.
Interestingly, although Leo elevation did not alter D14-3-3e levels (Supplementary Material, Fig. S2C ), over-expression of the later resulted in decreased levels of endogenous Leo (Supplementary Material, Fig. S2D ). Leo reduction is expected to result in heterodimer attenuation and likely accounts for the reduced RW levels under these conditions (Fig. 7 ).
14-3-3 levels affect Tau stability
The WT and RW proteins are transgenic and therefore their transcription levels under UAS control should be relatively constant. Therefore, changes in their steady-state levels upon coexpression with Leo and D14-3-3e must reflect alterations either in translation or their stability. Effects of 14-3-3 elevation on WT and RW translation cannot be totally excluded, but are improbable because both transgenes are controlled by the same vectorencoded regulatory regions.
Hyperphosphorylation has been reported to decrease Tau ubiquitination and proteosomal degradation (69, 70) and broad specificity phosphatases have been reported to promote Tau proteolysis (71) . Given that 14-3-3s bind phosphorylated Ser and Thr (72), they could suppress Tau dephosphorylation by occluding phosphatases, thus enhancing its stability and steady-state levels. During these and previous experiments (60), we noticed that partially dephosphorylated WT Tau appeared unstable or expediently degraded by proteases endogenous to the brain lysate. This was modeled systematically by limited treatment of brain lysates with the broad specificity k-phosphatase. After a 30 min incubation at 30 C with 50 units of k-phosphatase, WT Tau became fully dephosphorylated, while 5 units appeared to have little if any effect under these conditions (Fig. 8A ). An equal amount of lysate treated with 25 units k-phosphatase was partially dephosphorylated indicated by its intermediate mobility and interestingly, it was significantly reduced quantitatively relative to the starting material. Confirmation that quantitatively comparable amounts of total lysate were present in all samples was provided by the Syntaxin loading controls. Additional experimental permutations such as limiting k-phosphatase, longer or shorter incubations yielded qualitatively similar outcomes (not shown). These results suggest that Tau dephosphorylation, possibly at exposed or easily accessible sites, renders the protein susceptible to proteolytic degradation in vivo as previously suggested largely by in vitro results (73) . Although over-expression did not alter WT and RW phosphoprofiles at the sites surveyed ( Figs 6D-F and 7D-I) , abrogation of 14-3-3s resulted in decreased phosphorylation (Figs 3D-E and 4D-E). Therefore, we investigated whether Tau elevation consequent to excess Leo or D14-3-3e resulted from changes in phosphorylation state-dependent stability. To address this hypothesis, we incubated equal amounts of brain lysates from animals expressing WT and R406W with or without excess transgenic Leo and D14-3-3e under conditions of partial dephosphorylation.
As shown in Figure 8B , 60% of WT was degraded by endogenous proteases after k-mediated limited dephosphorylation. However, co-overexpression of either 14-3-3 ameliorated this effect resulting in degradation of only 20-25% of the WT input. In contrast, the RW protein appeared less vulnerable to endogenous proteases since under the same conditions only 20% of the protein degraded (Fig. 8C) . Interestingly however, excess D14-3-3e resulted in significantly increased RW degradation with less than 40% of the starting material remaining at the end of incubation. In contrast, elevated Leo did not appear to affect RW levels. These results are consistent with the in vivo quantitation of WT and RW Tau steady-state levels upon excess 14-3-3s (Figs 6  and 7) .
To investigate whether RW destabilization upon D14-3-3e excess is unique to this variant or it pertains to other mutants we subjected the STA variant in the same stability assay. This laboratory-generated mutant (61, 66) , which is proposed to bind 14-3-3s when phosphorylated (Fig. 2) . As WT and RW, it binds both Leo and D14-3-3e (Supplementary Material, Fig. S5A ). Moreover, as for WT, co-expression with Leo or D14-3-3e increases its levels in the adult CNS (Supplementary Material,  Fig. S2B ). Importantly, this appears to be the consequence of enhanced stability that appears to surpass even that of WT (Fig. 8D) . Therefore, the destabilization of RW upon D14-3-3e excess is specific to this particular variant and does not characterize all mutant Tau proteins. It follows then that 14-3-3 elevation has a stabilizing effect on Tau probably by suppressing access to phosphatases and/or proteases. Because 14-3-3 dimer composition is dynamic (30, 74) , particular homo and heterodimer distributions will likely favor distinct Tau conformations which potentially permit or occlude kinase and phosphatase access differentially. As D14-3-3e overexpression results in decreased endogenous Leo (Supplementary Material, Fig. S2D ), the relative pool of Leo homodimers is expected to decrease in response. This is likely exaggerated by D14-3-3e excess, which may further decrease Leo homodimer levels. Under endogenous 14-3-3 levels and under Leo excess, WT appears stable. Therefore, its destabilization upon excessive D14-3-3e is likely the consequence of decreased Leo homodimers. The RW mutation which encompasses a putative 14-3-3 binding site, appears to render the stability of the mutant protein particularly sensitive to Leo homodimer levels. Therefore, the results of 14-3-3 genetic and pharmacological attenuation and those of overexpression strongly indicate that the steady-state levels of WT and RW are modulated by the composition of 14-3-3 dimers.
Discussion
14-3-3 interaction modes with Tau
Our genetic and biochemical evidence in strong support of the proteomic results, demonstrate that 14-3-3s interact with human WT and the RW Tau variant in vivo, in agreement with in vitro evidence (44). 14-3-3s likely engage at least one or more of the five putative 14-3-3 consensus binding sites (Fig. 2) , involving potentially phosphorylated Serines and Threonines. However, since Tau possesses over 80 potential phospho-Ser/ phospho-Thr (75), additional phosphorylation-dependent, but non-consensus 14-3-3 docking sites may exist, as bona fide 14-3- 3 clients with highly deviant binding motifs have been reported (76) . Significantly, because both 14-3-3s bind dephosphorylated WT and RW (Fig. 1E) , there are non-phosphorylation-dependent binding sites also. Accordingly, 14-3-3f binding on Ser
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(surrounding sequence KIGSTE) in R1 has been reported to be phosphorylation independent (41), but to promote its phosphorylation (41, 44) . Additional such sites could even involve interactions between the acidic binding groove of 14-3-3s with highly basic areas of Tau, which could emerge upon assumption of certain local conformations. Therefore, Tau presents 14-3-3 dimers with multiple sites and modes of intramolecular and intermolecular interactions. Because dimeric 14-3-3s can in principle bind in a bidentate mode with two client proteins concurrently (39), they may simultaneously bind phosphorylation-dependent and phosphorylation independent sites on the same Tau molecule, different Tau molecules, or Tau and interacting proteins. This in fact is reflected in the ability of the transgenic difopein to bind 14-3-3s and to co-immunoprecipitate Tau (Fig. 1B and C) .
The multiplicity of potential 14-3-3 binding sites on Tau and the potential for bidentate binding are expected to result in the observed complex interactions that largely depend on the available intracellular complement of 14-3-3s.
Functional consequences of attenuated 14-3-3 interaction with Tau
Collectively, our data address an important issue in 14-3-3 biology, namely that of their stoichiometry and the functional differences of dimeric states in vivo. Clearly the ratio of available 14-3-3 isoforms and consequently the composition of dimers and monomers influences significantly the steady-state phosphorylation status, at least of the pathology-relevant sites examined. However, 14-3-3s are not limiting for Tau stability and have marginal effects on its toxicity. Considering the genetic abrogation and pharmacological inhibition data, Leo-containing dimers promote low-level steady-state phosphorylation at the sites tested (Figs 3D-F, 4D-F and 5E-H). Importantly however, D14-3-3e homodimers appear to promote phosphorylation of these sites because D14-3-3e attenuation nearly abolishes their occupation (Figs 3D-F and 4D-F).
14-3-3s bind phosphorylated and un-phosphorylated Tau and in fact D14-3-3e binding appears enhanced upon dephosphorylation (Fig. 1E) . Therefore, we suggest that Leo-containing homo and heterodimers may use distinct phosphorylationdependent and independent modes of interaction with Tau and this could stabilize its conformation locally in a manner that promotes or suppresses access to kinases or phosphatases. In addition, binding itself may occlude access of such enzymes to these sites. Such interactions are clearly sensitive to dimer composition, expected to be highly dynamic (77) and are consistent with the differential effects on occupation of the phospho-sites assessed when the intracellular complement of 14-3-3s is altered ( Figs 3D-F and 4D-F) . Therefore the differential distribution of 14-3-3 isoforms in different neuronal types (78) , could be reflected in the reported tissue-specific Tau phosphorylation patterns (60, (79) (80) (81) .
Interestingly, changes in the 14-3-3 complement in Leo -, Eps -and Leo -Eps -animals did not precipitate significant changes in WT or RW toxicity, unless functional inhibition was concurrently applied ( Fig. 5K and O) . This likely reflects both the complexity of Tau interactions with the distinct dimers and the partial functional redundancy of 14-3-3 proteins (29).
Significantly, RW toxicity is differentially sensitive to D14-3-3e levels (Fig. 5N) , possibly resulting from the mutation on the putative binding site at aa406-413 (Fig. 2) . It is highly interesting and significant that the partial suppression of RW toxicity is mediated by D14-3-3e homodimers that appear to form when Leo is limiting (Fig. 3G) . These results are consistent with the notion that 14-3-3s facilitate assumption of distinct local or global conformations for WT and RW with consequent changes in toxicity. Alternatively, distinct WT and RW conformations potentially mediated by phosphorylation, render them differentially accessible to 14-3-3s and other proteins mediating toxicity. Therefore, Tau expressing neurons do not tolerate well the functional loss of 14-3-3s. A potential reason for this is that 14-3-3 abrogation may induce ER (82), oxidative (83) , or other type of stress in neurons already under oxidative stress because of the presence of pathogenic WT or RW Tau (84) . The importance of 14-3-3s in cellular stress responses may be reflected by the strong lethality associated with genetic abrogation of both fly isoforms ( Figs 3H and 4G ), or their functional pharmacological inhibition ( Fig. 5L and P) . Therefore, our results strongly indicate that BV02-mediated inhibition of 14-3-3 binding is very likely to precipitate significant unwanted effects to be useful in treating Tauopathies.
Functional consequences of 14-3-3 elevation
Over-accumulation of Leo, but not D14-3-3e precipitated significant lethality on its own (Fig. 6B ). This combined with the drastic reduction in viability of animals with severely reduced functional 14-3-3s ( Fig. 5L and P) and in agreement with prior results (29) , demonstrate the importance of 14-3-3 homeostasis for survival. Because only Leo over-accumulation yielded lethality, it is likely that the effect is precipitated by excess Leocontaining dimers. The reason for this lethality is unclear to date, but it is under investigation and could be related to synaptic deficits (44) during development, or any of the multiple cellular processes requiring regulated 14-3-3 levels and activity (85, 86) .
Interestingly over-accumulation of either 14-3-3 does not change the phosphorylation pattern of either WT or RW (Figs 6 and 7). Rather it affects their stability in an isoform-specific manner and differentially for WT and RW. Tau stability depends on its phosphorylation state [ Fig. 8 and (70)] and hyperphosphorylation protects Tau from proteolytic degradation (70). 14-3-3 over-accumulation did not change the phosphorylation state, at least of the sites tested, but rendered WT resistant to degradation. Therefore, the increase in WT levels is a likely result of excess 14-3-3-mediated conformational changes that render it resistant to endogenous phosphatases or proteases.
In contrast, the effects of 14-3-3 elevation on the RW variant, which eliminates a single potential 14-3-3 binding site, are differential and isoform-specific. Whereas, Leo excess nearly doubles RW levels as for WT, over-accumulation of D14-3-3e precipitates its drastic reduction (Fig. 4H-M ). This appears to be a consequence of D14-3-3e-dependent increase in susceptibility to degradation of under-phosphorylated RW (Fig. 7C) . Hence, the D14-3-3e excess and the resultant shift in heterodimer/ homodimer balance appears to favor conformational state(s) that expose protease-sensitive sites on RW due to the mutation itself, which removes a 14-3-3 consensus binding site. Because RW degradation is not observed upon Leo excess, it is likely that over-accumulation of D14-3-3e reduces the abundance of Leo/ Leo homodimers, which appear to favor the degradation-resistant conformation. The differential effect is specific to RW, as the STA mutant affecting another putative 14-3-3 binding site, is completely protected from degradation by overexpression of either Leo or D14-3-3e (Fig. 8D) .
Our results indicate that WT and STA in contrast to RW likely assume distinct conformations in the fly CNS, which render them differentially accessible to proteases and 14-3-3s are involved in these processes. The ability of 14-3-3 dimers for bidentate binding to different Tau client proteins could differentially promote stabilization of conformations that inhibit dephosphorylation and enhance stability. This may be further mediated by Tau interacting or regulating proteins whose identity is currently unknown, albeit under investigation. In summary, the data support the hypothesis that 14-3-3 excess stabilizes Tau except for RW, where removal of a binding site appears to trigger distinct conformational changes that render the variant protein particularly sensitive to the stoichiometry of 14-3-3 homo/heterodimers. Because 14-3-3s are differentially distributed in the mammalian CNS (78) , it is possible that the expected distinct distribution of 14-3-3 homo and heterodimers, affects the pathogenicity of WT and mutant Tau proteins in a tissue-specific manner. This may underlie, at least in part, the neuronal type specificity of the various Tauopathies and the symptom variability and intensity that characterizes them (13) .
Are 14-3-3s Tauopathy mediators or innocent bystanders?
Soon after their identification and characterization, 14-3-3 proteins became associated with diverse inflammatory, vascular, malignant and degenerative neuropathologies (53, 87) . Because in most of these disorders, elevation of 14-3-3 proteins was noted both in the CSF and in and around lesions, it remained unclear whether these proteins were incidental non-specific markers of neuronal stress and neurodegeneration, or involved in the pathogenesis or severity of each condition. Our data favor the first notion, because although overaccumulation of Leo resulted in lethality, this appears to be a consequence of altered 14-3-3 homeostasis.
Pathogenic Tau phosphorylation increases potential 14-3-3 binding sites and probably recruits additional dimers. This may alter the intraneuronal distribution of 14-3-3s and may limit them for vital cellular processes. Given their homeostatic propensity, 14-3-3 levels may be elevated in compensation. Elevated 14-3-3s will favor stable Tau conformations and lead to its accumulation which increases neurotoxic consequences. In addition, the elevated 14-3-3 dimer load on hyperphosphorylated Tau may stabilize transient conformations that promote additional phosphorylation at distant sites enhancing toxicity. This scenario of progressive 14-3-3 elevation and recruitment of an otherwise 'bystander' protein is a result of the large number of phopshorylation-dependent and non-phosphorylation-dependent 14-3-3 docking sites on Tau.
Alternatively, accumulation of pathogenic Tau may induce cellular stress and 14-3-3s as stress-related proteins (23) could be elevated in response potentially initiating the progressive elevation scenario described above. In Drosophila however, 14-3-3 levels are not changed upon Tau accumulation in the CNS (Supplementary Material, Fig. S4 ). In vertebrates on the other hand, elevated 14-3-3s may be increasingly recruited to Tau molecules as they acquire pathogenic tags and either enhance or suppress conformations that favor their stability depending on the properties of the particular Tau variant and of the prevalent 14-3-3 dimers in that particular neuron.
Finally, our results suggest that in vivo approaches in the CNS as the one described herein are invaluable in capturing the dynamic, adaptive and homeostatic interactions of 14-3-3 proteins with Tau and other client proteins with multiple modes of interaction and docking sites.
Materials and Methods
Drosophila culture and strains
Flies were cultured in standard sugar-wheat flour food supplemented with soy flour and CaCl 2 . Pan-neuronal transgene expression was achieved using the driver Elav C155 -Gal4 (ElavGal4) (88, 89) . Fly crosses and experiments were performed at 25 C unless noted otherwise. The ElavGal4; Gal80 ts strain was constructed using standard methods. The Gal80 ts strain (55) (90) . The UAS-htau FLAG-2N4RSTA has been described in (61) .
The UAS-mycD14-3-3e transgenic strains (91) and the D14-3-3e RNAi-generating transgenes (92) have been described previously. The UAS-leo transgenes were generated by placing the entire leoII cDNA (93) in the pUAST vector (94), while Leo RNAigenerating transgenes were obtained from the Vienna Drosophila Resource Centre and were normalized to Cantonised w
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. Double transgenic strains were generated by standard crosses.
The UAS-htau FLAG-2N4R strain has been described elsewhere (61) . The UAS-htau FLAG-R406W-2N4R strain was generated by replacing Arg406 with Trp using the QuickChange XL site-directed mutagenesis kit according to the manufacturer's instructions (Agilent Technologies). The mutagenic oligonucleotides 5 0 -GG GGACACGTCTCCATGGCATCTCAGCAATGTCTCC-3 0 and 5 0 -GGAG ACATTGCTGAGATGCCATGGAGACGTGTCCCC-3 0 were annealed onto the UAS-htau 2N4R-FLAG plasmid template and introduced an NcoI restriction site which was used for screening of positive clones. The sequence of the mutant was confirmed by dsDNA sequencing (Lark technologies). Transgenic flies were obtained with standard methods.
To assess the effect of 14-3-3s on the levels and phosphorylation of Tau, we generated the double transgenic stocks UASleoII; UAS-htau 0N4R , UAS-d14-3-3e; UAS-htau 0N4R and UAS-leoII;
UAS-htau R406W
, UAS-d14-3-3e; UAS-htau R406W which were crossed with ElavGal4 virgins as required. Conversely, to assess the effects of 14-3-3 attenuation, the following strains were generated ElavGal4; leoRNAi/CyO and ElavGal4; epsRNAi/TM3Sb and crossed to UAS-htau 0N4R and UAS-htau R406W males as indicated.
To generate flies lacking both 14-3-3 isoforms ElavGal4; epsRNAi/TM3Sb were crossed with UAS-leoRNAi; UAS-htau 0N4R or with UAS-htau R406W .
Viability assays
To determine the effect of WT or RW expression on viability, 5 ElavGa4 females were crossed with 3 WT or RW homozygous males. After 24 h they transferred to new vials and allowed to lay eggs for three days and then discarded. The number of surviving progeny per live female was determined when adults emerged. Each assessment was performed at least in triplicate with five females each. Control progeny were obtained by concomitantly crossing the same number of ElavGal4 females to w 1118 males and the mean number of their progeny per female was set as 100%. This number was used to normalize the numbers of Tau-expressing progeny expressed as a percent.
14-3-3 Inhibitor experiments
For the 14-3-3 inhibitor experiments, five ElavGal4 females were crossed to three relevant males from the abovementioned stocks and allowed to lay eggs for three days at 25 C on normal food supplemented with 0 (DMSO), 0.15 or 0.3 nM of the 14-3-3 antagonist II, BV02 (Calbiochem). Viability was monitored by counting the number of adult flies emerging per genotype with and without the antagonist. Control experiments with higher BV02 concentrations (0.35-0.5 nM) did not yield any progeny.
Western blot analysis
To determine total Tau levels and its phosphorylation status in different genotypes, adult female fly heads 1-3 days posteclosion were homogenized in 1Â Laemmli buffer (50 mM Tris pH 6.8, 100 mM DTT, 5% 2-mercaptoethanol, 2% SDS, 10% glycerol and 0.01% bromophenol blue). The lysates were boiled for 5 min at 95 C, centrifuged at 9000g for 5 min and separated by SDS-PAGE using a 10% separating gel. Proteins were transferred to a PVDF membrane at 100 V for 1 h and probed with the fol- 
Pull-down assay
Temporal regulation of UAS controlled transgenes under the ubiquitously expressed temperature sensitive Gal80 ts has been described earlier (55) . At the end of induction, flies were harvested, frozen at À72 C and then decapitated en masse by sieving in liquid nitrogen. Harvested heads were homogenized in PBST buffer (1Â PBS pH 7.4 containing 0.01% Tween V R 20) supplemented with protease inhibitors and lysates were incubated over-night with either magnetic beads coupled with HT7 antiTau antibody or with GST-difopein-conjugated beads. After washing, proteins were eluted with 0.1 M glycine-HCl pH 3.5 and subjected to SDS-PAGE. Immunoblotting was performed as described above.
Biotinylated HT7 antibody (Thermo Scientific) was immobilized on Dynabeads M-280 V R Streptavidin (Invitrogen) according to the manufacturer's instructions. The pGEX-6P1 vector encoding GST-tagged difopein was kindly provided by Dr Marco Lalle (56) . To generate the protein, BL21(DE3) transformed cells were grown in LB medium (2% bacto tryptone, 0.5% yeast extract, 0.05% NaCl) at 37 C until OD 600 0.5. Protein expression was induced by addition of isopropyl-b-D-thiogalactopyranoside (IPTG) to 0.5 mM final concentration at 37 C for 3 h. GST-difopein was immobilized on glutathione-agarose beads (Sigma) according to the manufacturer's instructions. Flag-tagged 2N4R-STA was immunoprecipated with anti-Flag M2 affinity resin (Sigma) according to manufacturer's instructions.
In vitro dephosphorylation
Dephosphorylation prior to immunoprecipitation was achieved by treating the lysates with k phosphatase (New England Biolabs). Briefly, head homogenates from adult flies expressing the indicated Flag-tagged transgenes pan-neuronally were prepared in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM MnCl 2 , 1% Triton) supplemented with Halt protease inhibitor cocktail (Pierce) EDTA-free. Lysates were split in two and they were either supplemented with phosphatase inhibitor cocktail (Sigma) or treated with k phosphatase (2.5 mg of total protein were incubated with 1000 units of k phosphatase at 30 C for 1 h). The reaction was stopped by addition of phosphatase inhibitors and lysates were incubated either with anti-Flag M2 affinity resin or with glutathione-agarose beads coated with GSTdifopein over night at 4 C. The starting buffer of this protocol is different than the one below because immunoprecipitation has to follow dephosphorylation. Immunoprecipitation is not compatible with the standard de-phosphorylation buffer presented below.
Homogenates from heads of adult flies were prepared in RIPA buffer (137 mM NaCl, 20 mM Tris pH 8.0, 10% glycerol, 0.1% SDS and 0.1% sodium deoxycholate). A total of 20 lg protein were incubated with the indicated units of k phosphatase (New England Biolabs) at 30 C for 30 min, according to manufacturer's instructions. As different batches of k-phosphatase have different activities, we calibrated the units necessary to produce complete dephosphorylation per batch and then used the appropriate units to produce partial dephosphorylation as indicated. One-third of each sample and equivalent amount of untreated samples were resolved by SDS-PAGE and subjected to western blot analysis as described earlier.
Cross-linking
Eight heads were lysed in 70 ll of ice-cold buffer (20 mM sodium phosphate, pH 7.4, 150 mM NaCl supplemented with phosphatase and protease inhibitor mixture) and centrifuged for 15 min at 14 000g at 4 C. Head lysates were divided in two fractions of 30 ll. One was cross-linked by addition of 1.5 mM BS 3 final concentration (Thermo Scientific) while the other remained untreated (lysis buffer was added instead of BS3). Samples were incubated for 2 h on ice and the reaction was stopped by the addition of 1 M Tris pH 7.4 buffer to a final concentration of 20 mM. Samples were analyzed by western blotting after the addition of 5Â Laemmli Buffer.
Statistical Analyses
Untransformed (raw) data were analyzed parametrically with the JMP 7.1 statistical software package (SAS Institute Inc., Cary, NC).
Supplementary Material
Supplementary Material is available at HMG online.
